ABSTRACT Fifth generation wireless communications will exploit the enormous chunk of bandwidth available at millimeter-wave frequency bands. Accordingly, an accurate and simple path loss model is critical for indoor environments, where deployment is likely to occur. We conducted measurement campaigns in the 14 and 22 GHz frequency bands in a typical indoor corridor environment on 5 th floor of the Discipline of Electrical, Electronic and Computer Engineering building, University of KwaZulu-Natal, Howard Campus, South Africa. This paper presents details of measurement campaigns with unique transmitter-receiver combinations using a costume-designed channel sounder. The acquired measurement results provide largescale path loss statistics in an open-plan indoor environment in line-of-sight and non-line-of-sight conditions. An effective application of dual slope single-frequency directional large-scale path loss model is evaluated based on the acquired measurement data. The application of dual slope large-scale path loss model is supported by a comprehensive analysis and consideration of propagation mechanisms, such as reflection and diffraction resulting in modal attenuation. Validated results show that dual slope large-scale path loss model applied in this paper outperforms close-in reference distance model that assumes the impact of propagating wave guiding effect in indoor corridors.
I. INTRODUCTION
The limitation of bandwidth has often constrained today's cellular communication providers' pursuit to provide high quality contents on wireless devices through mobile broadband networks. This limitation is occasioned by current global communication systems that support only the frequency bands between 700 MHz and 2.6 GHz [1] - [3] . Millimeter-wave (mmWave) frequency bands avail massive chunk of bandwidth and motivate invention of future communication systems. Certainly, mmWave frequency range will play a crucial role in 5G wireless communications [4] . Therefore, application of frequency bands beyond the microwave band (usually 3 GHz band) is anticipated. Super high frequency (SHF) band GHz spectrum) and extremely high frequency (EHF) band (30-300 GHz spectrum) or mmWave band share similar propagation characteristics, therefore, referred to as the mmWave band [5] , [6] .
The introduction of mmWave technology as a key player for the 5G wireless broadband communication has enabled provision of multi-gigabit communication services, such as device-to-device communication (D2D) [5] - [8] , high definition television (HDTV) and ultra-high definition video (UHDV) [5] , [6] and [9] - [11] .
The existing and ongoing campaign efforts targeting 5G channel measurement and modeling on the 20 GHz to 30 GHz and 50 GHz to 70 GHz ranges have been reported by organizations such as New York University (NYU) and the Mobile and wireless community Enablers for the Twenty-Twenty Information Society (METIS) [4] , [12] . However, a few report on the 10 GHz to 25 GHz and 40 GHz to 55 GHz bands. Accordingly, these frequency bands will require study in the future [13] . This work has been limited by channel sounder specifications to 14 GHz to 22 GHz frequency bands.
Path loss models for indoor mmWave propagation channels are important components for the design, planning, performance evaluation and deployment of wireless networks. Consequently, several organizations [14] - [16] are currently participating in developing mmWave channel models. Path loss dictates the signal-to-noise plus interference ratio and data rates, hence network coverage area. Moreover, mmWave system simulations require accurate path loss models because it is a central parameter in wireless propagation channel [17] . A number of empirical-statistical path loss models proposed in prior research were based on linear regression to measurements such as the Okumura-Hata models [18] , the COST 231 path loss models [19] , and others [20] - [22] .
Indoor environment is significantly different from the outdoor in many ways. As a consequence, indoor path loss models need to consider the variations in floor plans, construction materials used, type and number of office equipment, people working and their movements, scale of smart devices used in the vicinity, etc. In addition, multipath propagation along with usual fading and path loss due to distance, interference, shadowing, reflection, refraction, scattering, and penetration, also impact on the received signal characteristics [23] .
In this paper, dual slope path loss model is applied. The model considers modal attenuation due to multipath and propagating wave guiding effect in indoor corridors as opposed to shadowing which has been given attention in the literature. We discuss two very important aspects of a corridor typical path loss model propagation phenomena: wave guiding effects in a corridor and break point. We have particularly conducted measurement campaigns in the 14 GHz and 22 GHz frequency bands and applied a dual slope path loss model. Break point or dual slope models have been a popular generalization for decades with determination of model parameters via a linear regression of the experimental data. Corridors are regarded as oversize dielectric waveguides with transversal dimensions much larger than wavelength, thus a number of modes are entirely involved in the propagation process. Certainly, propagating field in corridors is through superimposition of proper characteristics modes [24] - [26] . Moreover, the modal attenuation approach is mostly bounded by the fundamental mode which is least attenuated and occurs after the break point [27] .
The rest of this paper is organized as follows: Detailed description of measurement equipment, hardware, environment and procedure is provided in Section II. In Section III, the analysis of large-scale path loss model, modal attenuation based dual slope model and single slope single-frequency models, propagation in indoor corridors and break point analysis are presented. In Section IV, effects of frequency, antenna height, wave guiding and construction materials are comprehensively discussed. Finally, Section V presents summarized findings of the applied dual slope model as a simple and accurate model and observed to outperform the wellknown close-in reference distance model in indoor corridors at 14 GHz and 22 GHz frequency bands.
II. MEASUREMENT CAMPAIGN
In this section, we present a detailed description of the channel sounder and scenarios considered in this measurement campaign. We used Rohde and Schwarz SMF 100A for signal generation at the transmitter (Tx), Rohde and Schwarz FSIQ 40 Signal Analyzer at receiver (Rx) and two directional pyramidal horn antennas. Fig. 1 depicts the channel sounder used in our measurement campaign. and Computer Engineering building, University of Kwa-Zulu Natal, South Africa. The measurement environment was a typical indoor corridor, a waveguide like structure with walls made of bricks and dry concrete, wooden doors to offices, a staircase and an elevator (see Fig. 4 ). The Tx antenna was installed at 1.6 m and 2.3 m (typical hotspot indoor location) and Rx antenna at 1.6 m (typical handset height) above the floor. With Tx antenna fixed at one end of the corridor, Rx antenna was placed at thirteen (13) different locations for both line-of-sight (LOS) and non-line-of-sight (NLOS) measurements. The directional horn antenna at the Rx side was rotated over azimuth angles with 10 • azimuth steps. Measurements were performed with identical Tx and Rx locations for both 14 GHz and 22 GHz to enable direct juxtaposition between the two frequency bands. Pyramidal horn antennas with vertical polarization were used for all measurement tests.
We selected a single Tx location, with antenna installed at 1.6 m and 2.3 m high and thirteen (13) We post-processed the measurement data of received power at every point in steps of 2 m from Tx to Rx along the axial length of the corridor. Received power at every measurement point was then averaged from data set at that point. Finally, the path loss was determined by converting the power received at each point.
This measurement scenario was motivated by the need to develop a path loss model that considers multipath propagation in waveguide like structures for future networks. Consequently, an indoor corridor with bricks and dry concrete walls and ceiling, wooden doors and tiled floor was selected. A propagating signal in a corridor travels from Tx to Rx via a LOS (direct) path, and NLOS (reflected, scattered, and/or diffracted) paths, but not penetration of an obstacle. A closedplan environment is a scenario where a propagating signal must penetrate an obstacle to get at the receiver [28] , hence shadowing. However, this study focuses on an open-plan environment; an indoor corridor with modal attenuation in the application of dual slope model. First, LOS path loss was established for scenarios where Tx and Rx had no obstruction between them and pointed at each other with alignment on boresight. Next, the NLOS path loss was established in the environment where Tx and Rx had a clear LOS path to one another, but the antennas were out of alignment on boresight. Finally, NLOS-Best path loss was established from the strongest signal power measured at NLOS environment for each exclusive antenna pointing angles in every Tx and Rx combination [28] . We analytically demonstrate the suitability of our model for various set ups in Section III. 
III. ANALYSIS OF LARGE-SCALE PATH LOSS MODEL
Large-scale path loss models predict the propagating signals' attenuation over distance. They are important in designing a more efficient future generation communication systems. The wave guiding propagation mechanism (multipath) in corridors necessitates the wave to propagate from Tx to Rx in such scenarios. It is important to establish the dominant propagation mechanisms in indoor corridors in order to model path loss for 5 th generation networks. In this paper, we consider the dominant propagation paths in modeling large-scale path loss in indoor corridor environments.
Complexity of indoor environments generate strong multipath propagation-reflections, diffractions, penetration and shadowing effects that have significant impact on received power [29] . Due to the multiple reflections and wave guiding effects, the signal power at a receiving point is expressed as a sum of direct and reflected paths from the source. Incidentally, both mode conversion and propagation losses increase due to imperfectness of the waveguide such as the sidewall roughness, tilt, obstacles, etc. [27] , [30] , and [31] . We analyse the impact of mode attenuation on path loss in a rectangular indoor corridor in Section III-A. This paper considers signal attenuation as it bounces on the corridor walls, floor and ceiling. We assume that the wave propagates mostly in longitudinal direction inside the corridor and effects of wooden doors and losses due to roughness of sidewalls and tilt are small.
A. WAVEGUIDE BASED CHANNEL MODEL
Based on the geometry and conductivity of construction materials in a tunnel, just like a corridor, radio propagation can be modeled in the same way as radio waves in a waveguide. The guiding wave phenomenon emerges at frequencies of a few hundred MHz and above [25] , [27] . Prior research has shown, however, that the wave guiding effect occurs only in tunnels with larger transverse dimensions than wavelength of the signal [32] - [34] .
The radio signal attenuation in waveguides (e.g tunnels and corridors) is usually much lower than in free space and decreases with increasing frequency due to wave guiding effect. Therefore, at mmWave, imperfections in the conducting walls of the corridor mainly cause path losses thus modeled as a waveguide [34] , [35] .
The possible modes in a rectangular waveguide i.e (m,n) modes can be geometrically described as a cluster of propagating wave into the corridor reflected on the vertical and horizontal walls with proper grazing angles φ m,n V and φ m,n H respectively. The electromagnetic field produced by these waves propagate progressively along the corridor's axis and on the contrary a full standing wave in the xy plane, where the waves superimpose to produce the (m,n) mode behavior [24] . The grazing angles can be derived by the following relations:
where λ is the wavelength, h is the height while w is the width of the corridor, n and m are x and y polarized mode numbers respectively. From the mode geometrical description in (1) and (2), analytical expressions of distance between two consecutive bounces on the vertical m,n V and horizontal m,n H walls associated with the (m,n) modes can be realized by means of trigonometrical considerations as:
The most likely radiators to be used in future networks are directional antennas pointed in the corridor's axis direction. Consequently, the strong waves transmitted by the Tx antenna will impinge on the corridor walls with fairly small grazing angles. The corresponding modes can be expected to have the largest amplitudes. Therefore, modes with high grazing angle values can be considered negligible, thus (3) and (4) can be simplified as (5) and (6) [dB] , is given in (9) . MAF is the power loss due to the multiple reflections on the mode wavefronts on the corridor walls. It is expressed as:
where R V and R H are the reflection coefficients of the vertical and horizontal walls respectively. We approximated the reflection coefficients in this paper as follows: floor (tile) as 0.1574, wall (brick) as 0.2037, wall and ceiling (dry concrete) as 0.3112 [36] .
B. SINGE SLOPE CLOSE-IN REFERENCE MODEL
Single-slope close-in reference distance (CI) path loss model can be expressed as:
where X CI σ is a zero mean Gaussian random variable with standard deviation σ in dB. PL FS (d • ) = 10log 10 4πd • λ at physically based reference distance d • . The path loss model is found by determination of path loss exponent (PLE) n 1 via minimum mean square error method [28] .
C. PROPOSED DUAL SLOPE MODEL
Expression for proposed path loss can be written as: (11) where
and
where It follows that dual slope path loss model is found by determination of the path loss exponent (PLE) n 1 (before break point) and n 2 (after break point)via the minimum mean square error method.
Generally, a large number of path models presented in a dual slope curve to describe the propagation inside tunnels and indoor corridor. They are described by two different expressions [25] . A break point (dividing point) between two slopes separates the models into two segments [37] . There were no waveguide effects experienced before the break point, where the high order modes are dominant; hence, the propagating signal suffered a stronger path loss and fluctuation. However, after the break point, the propagating wave suffers smaller loss and slight fading as the fundamental modes guide the propagation in the corridor [38] . In Section III-D, a detailed explanation of extra path loss due to modal attenuation is presented.
D. EXTRA PATH LOSS
The elemental aspect inherent in radio wave propagation is wavefront divergence. Wavefront is the edge of a propagating wave. As the wavefront propagates spherically, its surface enlarges, consequently, its power density decreases with the square of the distance. This decrease accordingly satisfies power-flux conservation. Apart from free-space propagation, (10) in principle may also describe propagation in guiding structures. In such structures, a quasi-2-D propagation with wave divergence proportional to the first power of distance should take place. However, the presence of material losses usually results in higher values with respect to the ideal cases [24] , [39] .
Path loss models are normally based on measurement campaigns such as [4] , [40] , and [41] or ray tracing [42] , [43] . Most path loss models assume a simple power-law dependence on distance using a logarithmic scale (10) which is a straight line in a log−log plot. However, the proposed model is a dual slope path loss on a linear scale.
Equation (10), however, cannot properly account for waveguide effects in corridor, which often occur in indoor propagation due to structural position of walls, floor and ceilings. This scenario results in a site-specific linear excess path loss term L m,n [dB] (see (9) ). We modeled this excess attenuation term through a linear instead of algorithmic form. We apply a dual slope path loss model (see, (11)) as a combination of (9) and (10). This dual slope path loss model accounts for multipath propagation mechanisms in a corridor. Finally, this model is simple and accurate, hence suitable for general design and planning of network deployment in indoor environments.
E. BREAK POINT
As highlighted in Section III-C, it is critical to establish how the different propagation mechanisms in corridors give rise to multipath. In this context, it is worthwile to note that diffraction plays a lesser role in the mmWave regime. Consequently, in NLOS scenario, the receiver will rely instead on ambient reflected paths [44] - [46] . We determined the break point using measurement data. We established the break point (see Fig. 6 ) in this work at approximately 12 m from Tx and expressed by (13) :
where a is the maximum dimension of a corridor and λ is the signal wavelength. Accordingly, path loss increases linearly from d = 1 to d break , further, it increases with a different linear slope there after (12).
IV. DISCUSSION
Unambiguous understanding of propagation mechanisms in an indoor environment is imperative for accurate path loss channel modeling in mmWave communication systems.
In this section, we discuss the impacts of direct transmitted, reflected and diffracted paths on path loss in indoor corridors with regards to transmission frequency and antenna height.
A. FREQUENCY OF TRANSMISSION
We conducted measurement campaign at 14 GHz and 22 GHz to establish a more accurate and meaningful path loss model for propagation in indoor corridors. The LOS, NLOS-Best and NLOS paths provided a much broader analysis of propagation in a corridor. First, we analyzed experimental data of thirteen (13) Rx locations, 36 azimuth orientations per Rx location for 2 different Tx heights at each of the frequency bands. The applied dual slope path loss model considered the modal attenuation of multipath and out performs the close-in reference distance model in all the scenarios and frequency bands. Regression analysis presented in Table 2 . Close-in reference distance model has a single PLE (n 1 ) while dual slope model has two (n 1 and n 2 , Table 2 ). Comparatively, the standard deviation σ of the signal fluctuation of dual slope model around the mean path loss was lower than close-in reference model, hence more accurate in predicting path loss as provided in Table 2 . Direct LOS path from Tx to Rx is illustrated by red dashed arrow, reflected and diffracted paths from corridor walls (reflected paths from ceiling and floor are not shown) and knife-edge doors by blue dot line respectively as shown in Fig. 5 . Figure 6 illustrates the analysis of LOS dual slope path loss model fitting on measurement data. Before the point, wave propagation comprises of free space and multi-mode waveguide mechanisms. Subsequently, high order modes are dominant and wave guiding is effect not established. However, after the break point, the wave undergoes relatively low loss and negligible fading as high-order modes much attenuated and the fundamental modes guide the propagation [38] .
The multipaths had insignificant effect on path loss as high order modes were greatly attenuated before break point at both 14 GHz and 22 GHz bands. However, after break Fig. 5 , the received signal power was predominantly as a result of reflected and diffracted paths. Finally, the guided wave thereafter maintained the signal strength through the corridor, hence slow increase in path loss. As expected, the radio signal attenuation decreased with increasing frequency due to wave guiding effect.
B. ANTENNA HEIGHT
A summarized analysis of large-scale parameters is presented in Table 2 for Tx height: 1.6 m and 2.3 m. The Rx height was maintained at 1.6 m for all measurement points. First, we conducted measurements with Tx height at 1.6 m for 14 GHz and 22 GHz bands. PLE (n 1 ) decreased for LOS and NLOS with increase in Tx height. In addition, it can be seen from Table 2 that signal is better confined in a corridor as it propagates at higher antenna heights. Typically, Tx antennas in indoor environments are installed at about 2.6 m above the floor. However, NLOS-Best PLE (n 1 ) remained constant at both Tx heights. Second, with transmission frequency set at 22 GHz and Tx height at 1.6 m and 2.3 m, in contrast, LOS and NLOS PLE (n 1 ) decreased apparently because of more destructive interference at higher frequencies from the reflected waves in the corridor as shown in Figs. 15 and 17 . Finally, stronger constructive interferences and better wave guiding effect in the corridor were experienced with increase in Tx height from 1.6 m to 2.3 m and LOS PLE (n 1 ) decreased from 1.7 to 1.6 at 14 GHz. As the frequency increases, signal attenuation decreases in a waveguide [35] .
V. CONCLUSION
The main objective of this work was to establish a simple and accurate path loss model for indoor corridor for future networks. A dual slope path loss model is proposed that accounts for major propagation mechanisms in indoor environments. Generally, corridors confine propagating wave as indicated by PLE less than that of free space (typically 2) in indoor measurement scenarios (Table 2 ) and supported by literature [28] and [44] . Major portion of the path loss occur before break point as the propagation mechanisms are free space and multi-modal. However, after the break point, the guiding effect of the corridor begins. Consequently, a signal is confined as it propagates in the corridor hence a dual slope path loss model applies.
Building materials and structural design of buildings call for development of site-specific path loss models. Equally, both antenna height and the frequency of propagation do play an important role in indoor path loss modeling. This proposed model is observed to outperform the close-in reference model in all measurement conditions. Certainly, an accurate path loss model is essential for design and deployment of future communication systems. Finally, an investigation of the constructive and destructive interference is fundamental for deeper understanding of the propagation mechanisms specifically in indoor corridors.
